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1. INTRODUCTION.

A projectilc is subjected during the first few milliscconds of free

_flight to a high pressure jet flow from the muzzle. Assessment of the
projectile's behavior in this environment requires an accurate descrip-

tion of the jet which is typically provided by theoretical calculations.
Their accuracy depends among other things on the accuracy of the assumed
boundary conditions, i.,e., of the conditions in the flow through the muz-
zle of the weapon. Thercfore, one is intcrested to assess the accuracy

of theoretically predicted muz2le flows. Such detailed predictions are gou-

“tinely provided by mathematical models of the interior ballistics., Ex-

verimental determination of the flow is, on the other haud, technically
diffieult and is usually limited to a measurcment of the projectile's
velocity and to pressure measurements in the gun tube near the muzzle.
The measurements do not determine the gas flow completely. Thus, differ-
ent computer models of interior ballistics may predict muzzle velocities
and pressures which are in agreement with observations, but postulate
at the same time significantiy different temperatures and densities.
Independent measurement of temperatures and demsities in wuzzle flows

:are therefore of great interest theoretically as well as for practical

reasons. E . ' LT IR A sty e L.

In a recent BRL Report [1] E. M. Schmidt, ¢t al, have described a
new temperature measuring technique which is designed to measure the
initial temperature in the gas cfflux. The technique is based on a mea-
surement of sound specd in the gas and a  subsequent calculation of the
temperature from the sound speed. We shall give in Section 2 of this
report a short description of the technique.

Measurcments of temperaturc constitute a new data source (in addition
to pressure measurcments) for the validation of interior ballistics cal-
culations. In order to use the cbservations for this purpose, one has
to know their accuracies. In this report, we shall investigate the in-
trinsic accuracy of the temperature measurcnent technique. The partic-
ular goal of the investigation is to find quantitative limits within

1E. M. Schmidt, E. F. Gion and D. I). Shear, "Acoustic Thermometric Mea-
surements of Propellant Gas Temperatures in Guns', BRL Report No, 1979,
August 1976.  (AD #A030359)
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which the temperature measurements should agrec with temperatures pre-
dicted by interior hallistics calculations of the sawe event.

The accuracies of the temperature measurements are affected by
threc sources of errors. T - - e

First, onc has a
computed sound speed

gin for the temperature.

limited obscrvationul accuracy which produces a
with an
through subsequent calculations and produces a

This error propagates
corresponding error mar-
An investigation of this error is done in Sec-

erroy margin.

_of interior ballistics) might not be

tion 3, and it is based on variance propagation formulus.

Second the measurement technique possesses an intrinsic  averaging
property due to the finite size of the measurement apparatus. A conse-
quence of this property is that the recorded temperature is not the in-
stantanecus initial temperature in the gas offlux, but an average tem-
perature for thr first few williseconds of the {low, Therefore, short
duration temperature excursions (predicicd by some mathematical models
L detectable by the apparatus, A
quantitative investigation of the averaging property of the technique is
done in Sections 4 and 5. In Section 4 we describe typical theoretical-
ly calculated interior ballistics flows, and in Section 5 we simulate
and aralyze the response of the measurement apparatus tc the calculated

flows.

A third source of error is the approximate nature of the equation
of state which provides the relation between sound speed and temperature, 1
An investigation of this systematic error source recquircs an analysis
cof the vhysical properties of the combustion products, and it will not
be pursued here. We notice, however, that for a comparison of tempera- 3
turc measurements of a real firing with interior ballistics calculations .
this error sourcc is not important, because it affects measurcments and
calculations in the same way. The calculations depend, on the otner

hand, also on many other assumptions about the properties
flow and propcllant. Thercefore, if discrepancies
and calculations exist and arc larger than can be caused

of the gas

between measurements

by the first

two error sources, then one can

conclude that the mathematical model

sk

ey

B by A s T

of the appa-
L't 1ot exist-

given by

of the {low is inadequate. In an analysis of the responsc
ratus to theoretical flows, errors from the third sousce
ent, because for theoretical flows the cquation of state is

definition.

2 kit 8 T § R

In Scction 6 of the report we summarize the conclusions which can
be drawn from the simulated response of the apparatus and give quantita-
tive limits for application of thc measurement technique,

e s g s v i - 5
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2. THE ACOUSTIC TEMPERATURE MEASURUMUNT TECHNIQUL,

e Technical details of the acoustic temperature measurement technique

and some typical results are given in Reference 1. In this report we
shall present only a short outline of the method.

The apparatus is designed to measurce tae sound speed ¢fm/s] in the
gas behind the projectile, Assuming that the gas is adequately described
by an ideal gas equatior. one can compute the gas temperature T[K] from
the sound speed by

. 2. : ~
T CWOR) = Ty g /60, (1)

where M{kg/mol] is the molar mass of the gas, v is the ratio of its spe-

cific heats, R = 8,3143[J K'1 mol'l] is the universal gas constant,

Tflwmc[K] is the isochoric flame temperature of the propellant which
i : .

drives the projectile, g = 9.800655{m/s”] is the standard acccleration,
and f[m] is the explosive "force" of the propellant.

The sound speed ¢ is obtained by subtracting from the projectile's
i

muzzle velocity Uy the wvelocity u of the rarcfaction wave, which

travels upstream into the barrel after the projectile has cleared the
muzzle, i.e., by

¢ =AUM -u . {2)

The setup of the apparatus for the measurement of Upy and u, is shown
schematically in Figure 1. The muzzle velocity Uy is obtained from
X-rays of the projectile outside the weapon. The velocity u, of the rare-
faction wave is determined from pressure traces which arce produced by two

or more pressurc gages in the barrel,

Let Ax = Xp = Xy be the distance between the first and the last

pressure gage {Figure 1). Then the sound speed ¢ can be computed by

AX ) ..
CTW T o : )
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if one assumes that the characteristic ABM in Fipure 1 is straight and
the particle velocity is equal to Uy throughout the munzle region.

- Typical pressure histories at the gages ave shown in ¥ig, 2. They
were computed using a  mathematical model [2,3] of the interior ballis-
tics and they apree qualitatively with pressure traces actually observed
and reproduced in Reference 1, The arrival of the rarcfaction wave cor-
responds to o gradient discontinuity in the pressure traces and the arri-
val times can be determined by visual inspection of photographs of the
traces.

The simple formula (3) for the sound speed is exact if all flow
propertics within the arca ABMDC of Figure 1 arc uniform. Making other
assumptions about the flow, one can derive other formulrs for the sound
speed.  Thus, assuming in ABMOC isentropy and adiabatic expansion, but
permitting the pressure to be variable, the following corrected formula
is derived in Reference 1:

A y_:_]_ -1
Ax 3 -y 1 P =Y
S T 1+--—--—---Y_1 I—E = dt -~{4)
B A ¢
8

In eq. (4), ) and p), are the sound speed and  pressure, respectively,
at node i or Figwme ¥, and At = t, -ty The integral in eq. (4} is
a line integral along the path BA of the rarctfaction wave. 1f the pres-
sure p 2 p, along the path, then eq. (4) reduces to eq. (3). One can

see from Figure 2 that gencrally p/pD < 1 along the integration path

and, therefore, < computed with eq. (4) is smaller than the sound speed

|
computed with eq. (3). 7The integral in eq. (4) can be cevaluated numeri-
cally using pressures which are provided by pressure gages between the
extreme gages. The apparatus described in Reference ) had three gages,
located at 25mmu, 50mm aund 75mn from the muzzle of a  20mm cannun. This
nunber of gages is sufficient for the numerical quadrature because the
pressure varies smoothly along the integration path and, in addition,
the pressure exponent (y - 1)/2v is very smali (typically about 0.1).

—
“A, K. R, Celmip¥, "Theoretical Basis of the Recoillews Rifle Inrerior
Ballistics Code RECRIF', BRL Report No. 1931, September 1976. (AD «BO138371)

3A. K. R, Celmip®, "RECRIF Users' Manual', BRL Memorandum Report 2697,
October 187¢.
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3. STANDARD OBSERVATIONAL ERRORS.

The principal idea of the acoustic temperature measurcment techuique
"3is to measure the sound speed ¢ and to compute the corgespondlng tem-
perature T by eq. (1). Because T is proportional to ¢®, the relative S
standard error of T is twice the relative standard ervor of c¢:

eT/T =2 ¢ /Je. (5)

C

(5) provides an estimate of e from estimates of c..

The standard ervor c. of the sound specd depends on  the obser-

vational errors as well as on the formula which is used to compute c.

The simple formula (3) has a smaller standard error than eq. (4) because

it depends on lesser measurements. The difference between the accuracies

of both cquations is small, Lowever, because the additional observations

(pressure) enter eq. (4) with a very small exponent, We shall, there~
- fore, restrict our analysis to eg. (3). ’

1 SR TR ISy s TR ST LT A NIRRT | 141 sy

For the purpose of error analysis one can consider the following TS
quantities as dircectly and independently observable: the muzzle veloc-

1
1
1
- 4 :
sl Mu,mku.n i b

g ity Uy the arrival times of the rarcfaction wave, t and ta and the

? distance px between the pressure gages. The Jaw of error propagation, j
: (Reference 4) applicd to eq. (3), then furnishes a formula for the stan- :
- dard error of the sound speed in terms of the standavrd errors ear € i
: and ¢, of the observables. The formula is ' 3
2 2 e \2 2 ?
e YRV (Y v 2 (5] 2 v (6) |
” c LU A AX TR At uM ? {
L where at = 1, - IB: The yelative standard error of ihe sound speed is -
& 1 :
: . 2 2 2 2 )“2

- i7¢ /e 3 /u,,\

Ko ( 34) [(“_A.X) ) 2(_._” (_ ) . )

L c T e AX ) ( ) ;

i Ung

In order to get an idea about the relative importance of the various
S terms in eq, (7), we substitute typical values into the ecquation. The
ratio uM/c is the Mach number of the flow. In the examples in this

PRy

P b

report it varies between (0.2 and 0.8.

Rt PE 20

W. k. Demming, Statistical Adjustment of Data, J. Wiley & Sons, New
York, NY, 1944,

NI

§
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In practical applications the Mach number will be limited probably to
values below 0.6 because for larger valucs the rarefaction wave is dif-
ficult to detect from the pressure traces. As a convenient typical ave-

ERT]

ﬁﬁ i‘,i,r,# A M SN ST o s e Cem

DB e i i e

irage one might assume uM/c = 0,5, The values of‘eAx/Ax and cuM/uM we

‘assume to be of the order 0.01. With these assumptio s eq. (7) simpli-
fies to ' ‘

)
3} (.‘.t -4 l/;.

C
- = 0.7 e + 10 . (8)

&

The standard error e, of the time rcadings incrcases with the muz-

zle velocity because the rarefaction wave is less pronounced in pressure
traces for higher velocities. The deterioration of time rcadings is com-

pensated to some extent by an increase of At with increasing Uy For a
¥

Mach number s 0.3 one finds from Figurce 7 of Reference 1 that At = 0.1
ms and ct/&ca: 0.1 or larger. This shows that in cq. (7) or (8) the

-“=time reading inaccuracies dominate over all other .erms, The relative
" standard error of the sound speed is with these assumptions about 7%.
The corresponding relative standard crror of the temperature is about
14%, This value agrees in the order of magnitude with the scatter of
about 10% of observed temperatures shown in Figure 12 of Refercnce 1.
Our analysis shows that a scatter of this magnitude can be ex-
plained by inaccuracies of time readings. It is also evi'~nt that, in
ovder to improve the overall accuracy of the tuelmique, vine has to im
prove in the first place the accuracies of the rarefaction wave's arri-
val timc measurcments.

The above consideration is restricted to random observational errors.
In addition to these, one has systematic crrors, intrinsic to the tech-
nique. We shall analyze some of the systematic errers in the next
sections.

4. THEORETICAL TEST CASES.

Refcrence 1 describes tests of the acoustic temperature measurcement
technique on a 20mm cannon. The tests werc carried out tor muzzie veloc-
ities betwecen 265 m/s and 910 m/s. The variation of the muzzle velocity
was achieved by a variation of the amount of propellant which was used
for the firing of the weapon.

Iri this report we chose an identical arrangement for the generation
of theorctical test cascs, The interior ballistics were computed using
the computer code RECRIF [2,3]. The code was slightly modificd for the
present purpeses to allow aa explicit tracing of the rarcfaction wave
and to permit a better definition of the flow within the expansion fan
region. The input parameters for the calculations arc listed in Table I,

14
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TABLL

% Input for Inturiox HulliStJCk (Alau‘atious

£ Ll ITE ST it — e I ERED :

¥

wc:xpon

% Bore diamcter 20mm

5 Barrel length 1,5m

E Chamber volume 42 l()'('m3

if!

j L

g— Projectile

: Mass 100 ¢ _

£ Release pressure 5 Mia

% ygglgl)unl

E T Qensiry TR a0 Kg/m®CE IR :
o Ratio of spevific heats y 1.25

B Flame temperatare 2600 K

E Lxplesive "foree” 100 bm

: Combustiun law gxponent G5

: . . ST IS SRR VI8 11

v Combustion lav cocfficient 10 "mes e la

Geometry:  spheres with 1.0 mn digmeter
Lquatjon of state: ldeal gas with constant v
Mass; 3g - 47.0p (several cases voie compul.ed)
Pressure pages
Six pages at 12,5m  dntervals fron the muzzle, 1o shmluted

1tmpvlulu1L megsurements a "Flis guyu” whe assumed ot 2omn and
a "hast papet el the 7hme !JLELLQ Jor adjustment ¢oleulutiong

Tt T e i UETRS RO T

: all sis gages were used, é
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cobserved velocities, Because the purposc of the caleulations was to gen-

~sidered o adeguate cxamples of typleal theoretically conputed flows in

“orror, the innccuracy of the equation of state, is not presont 4n a sim-

By speeltying different amounts of propellant,muzzle velocities between
200 m/s andl 200 m/s were obladned,  The relation between propel lant mass
il muzzle velocity s shown dn Figure 3 which also shows cxperimentally

erate representative theorotical interior ballistic flows (and not to
model o spechfic weapon), the agreemont between experimental and calcu-
Toted velocities §s sufficiently close. Since caleulated and olserved
pressures also apreed spproximately, the caleulated flows cun be  con-

o 200 cannon,

In the neat section we shall deseribe the simulated responne of the
arounthe temperature measurement apparatus 1o the theoretically computed
flows, To simulate this vespunse, one hay to extract from  the
coleulations the avrival thaey of the rarcfuction wave at page Jocations,
Jist the pressure historfes ot the same Jocations, and wse these data
i the temperature formedan,  Beeasuse the  interlor balllstics caleula-
tioons dncluded an explicit tracdng  of  the raicfuction wave front,
the avidval  times  were obtabned with high  aceuracy,  This ¢lind-
pated the majur svurce of  obscrvationn) ervors. A sccond source  of

ulited response to n theoreticul flow, becanuse the equation of state
fo given by dofinivion, Conseguently, any ditferences between the gas
temperatures from fnterior balllsties enleulations end rom the simula
ted response of the acoustic measurement technigue  are ¢aused by aver -
aping eitedts of the technlgue,

The nvaraging eftects wre wmad b 31 the gat temperatuie vio bes only
Vivtle wibthin the veglon ABMDE ot Flgure V. The variations cannot be
aosumed smd)l o fnoadl canes, however, A one-dimensionn] treatment of in-
terlor ballisties produces necessniily o tomperature peab at the basfa
of the wrofectile [5,0]. The theoretical background of the phenomenon
fo discussed In Motesence 2, ppa 100000 and v wypleal example of thes-
yethondly predicted tempernture v bations within the yun {8 shown fn
Pigme 4, The vemperatare vindbatlons wlithin the yegion ARG of ohses
vieLions can be guite Targe 1o high muszle velocitics, This $s §1lus-
trated by Vigwmes 5 and o, showing theoretica) temperature histories at
the lovations of the extiome gngos dna Jow veloelty and o moderate
velocdty cone, vesneetively,  In the  Jaw veleclty cune, Hgue 5, the

¢ r—=- ;
f ", 8helton, AL Beagler and P, Sahe, UStudy of Hent Transfer and Trosion ‘
i Fate o Gun Berrelds”, Ay Toree Apmament Laboratory Technical beport - i
75 09, Warch 1973,
3 OM. Hebser, "Hodographenverfahien  {ty Instatloniie Lindinensionale
; Gaastibmungen', Fhb Thests, Tochntcal Unversity Aachion, VG, December
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temperature difference between the nodes C and A is 60K or 3%, i.e.,

well below the standard observational error. In the case shown in Fig- !

, ~ ure 6 the difference js about 1000K or 30% of the initial muzzle flow ’
oz temperature,  One can expect a strong averaglng effect by the acoustic
measurement technique in this case, S e Bl o i

The temperature measurement technique breaks down at about 900 m/s
for the weapon type considered here. This limit is reported in Ref-
erence 1 and it is caused by difficulties to detect the rarefaction wave
in pressure traces from high velocity firings. Figure 7 shows a theo- .
retical example of such a pressure trace. The gradient discontinuity ‘
at the node B in Figure 7 is barely visible, The reduction of the dis-
continuity is caused by changes of the characteristics' slopc with

increasing flow velocity. Figure 8 shows characteristic curves in a
case with moderate muz-le velocity and Figure 9 shows corresponding
curves for a high muzzle velocity. As the Mach number of the flow e
approaches one, the angles of intersection between the rarefaction wave
(a (u-¢) characteristic)and the gage lines x = const. become more acute,
Consequently, the corresponding gradient discontinuities in the pressure
““traces become less pronounced. A theoretical limit of the method is
given by a still higher muzzle velocity at which the rarefaction wave is
swept out through the muzzle before it reaches the pressure gages, In
the present example this occurs for a muzzle velocity of about 1160 m/s.
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We reiterate that the described flow properties are based on one-
—-- dimensional mathematical modeling of the flow., Experimental verifi-
cations of the dotails do not exist and onc application of the acoustic
temperature mcasurements could be to provide such a verification or
a rejection of the theory.

S. SIMULATED RESPONSE OF THE APPARATUS TO THEORFTICAL MUZZLE FLOWS.

The response of an acoustic temperature measurement apparatus to
theoretically computed muzzle flows can be simulated as follows., First,
one obtains from the computed flow accurate 'rcadings'" of the arrival
times of the rarefaction wave at the pressurce gage locations. The time
readings are substituted in eq. (3) to compute the sound speed, and the
temperature is computed using eq. (1). The corrected sound speed which
is given by eq. (4) can be computed using pressuies aleng the integra-
tion path, In the prosent examples, the integral in eq. (4) was calcu-
lated by a trapezoidal formula using pressure readings at six pressure
gage locations at 12.5mm intervals,

The results of the calculations arc shown+in Figure 10. The extreme i
curves in the figurc are those of the temperatures TD and TA at the

nodes D and A of Figure 1, respectively. The temperature at the muzzle
node M is practically equal to TD' The difference between TD and TA
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~ is quite remarhable  in cases with high muzzle velocity., Yor muzzle
-~ lo.2velocities over 600 m/s, it is larger than 1000K. The acoustic tew- :
perature measurement technique produces a temperature between TD and L
T,» @s expected. Somewhat unexpected js the large effect of the I é

Tm s L i A

isentropic correction of the temperature by eq. (4). In the present
examples the temperature computed with eq. (1) is much closer to Ty than

to Tn. The intent of the measurcment is to obtain a value for TD

{or TM]. Obviously, the simpler eq. (3} is preferable to eg. (4) for . é

this purpose. The reason for the failure of eq. (4) to improve the !
| temperature is that it is based on assumptions about flow properties
| which are not met by the computed fiow, i,c., by the solution of the
! ong-dimensional flow equations. oo

Figure 10 shows that the acoustic measurement technique based on
| Ao eq. (3) is applicable to flows with muzzle velocity of about 500
S ‘“m/s or less. At 500 m/s the systematic differencc between TD and the

measured temperature approaches the magnitude of the observational
errors. An extension cf the method to cases with higher muzzle veloci-
ties requires a better definition of the rarefaction wave front. If
eq. (3) is used, then one makes the implicit a-sumption that the wave
front is a straight line in the x,t-nlanc, Tie inverse slope of that
Tine is used in eq. (3) as aun approximarion of the rarcfaction wave
velocity, An inspection of Figures 8 and 9 suggests that the wave front
can bhe better approximated by a third degree polynomial in t. lilowever,
in order to determine such a curve one nceds morc than the three nodes
corresponding to the chree pressure gages of the experiment. Therefore,
we assume that the device coasists of an array of six gages, located ati
12.5mm intervals. (Such a device has been alseo tested at BRL.) Then
the task is to fit a third deevne polynomial to six nodes or to seven
nodes if the muzzle time is included as a scventh observation,

Let x, be the distances of the six pressure gages from the muzzle
and Y be “the corresponding arrival times of the rarefaction wave. Then
the constraints for the curve titting problem are

. 2 . 3 ;

¥4 Uty - U0 - g Uglty -yt = 0, o !

[ i=1,2, ...,0. :

: !

The problem has four parameters, namely UN’ Ly U2 and Uz. If the muz-

k zle time is used as a seventh observation then the constraint for it i
: is simply .

€ 4
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--and_ the corresponding tempcrature is

-t, =0, (10)

77 | ‘

1t) u, (t) can be computed by T L ""*___4:;;__ﬂ _____ -
. 2 N .
xr(tj =t UM(t—tM) + Uz(t-rM) + Us(t-uM) {11)
and
4 = IRY : o
ur(L) = UM + 2U2(t-tM) + 3U3(t tM) . ‘ (12)

At the muzzle the wave has the velocity

UT(IM) = UM’ (13)

2
= (UM flamc/(gf)

One can also compute the temperature along the rarefaction wave by

. o . o a2 :
1.0 = (i) W T (8 ), {15)
particle
provided that the particle velocity upart1c1c is known. That velocity

is generally not constant jn  the  muzzle region, as Figure i s' ows.
Only in cases with low muzzle velocities the particle velocity can be
approximated by the muzzle velocity Uy These are the same cases where

the temperature is  approximately constant within the muzzle region.
Therefore, eq. (15) is wuseless for practical applications and we
restrict ourselves to the computation of the muzzle temperature T s DY

cqg. (14).

The data fittings were carried out using the theorctical data and
assumitg the same estimates of observational errors as in Section 3,
namely

¢, = 0.01 ms,
¢, = 0.1 mm, {16)
euM,= 0.01 - Uy

27

- R §

After the adjustment the rarefaction wave front X, (t) and 1ts vcloc—

S N N
T - S




1200 —

S
D
T

cITY (m/s)

800 |~

Al

600t

pARTICLE VELO

200 1 | L ] _J
200 400 600 800 1000 1200
MUZZLE VELOCITY (m/s)

Figure 11. particle Velocitics at Nodes A and D,

oy A Bi‘m‘!,.gwmuuﬂﬂ anmnm




= yus eI

A e I T T Iy T A e e

ewmcmagsamase gaxr .2 omes mtae o= o . T R T

Y- |

R )

£
|
i

Fach fitting produced a valuc of Ub vhich then was used in eq. (14) o
3 compute TM‘ The results arc shown {n Pigure 10, The approximation is
1 .. ..._.excellent up to muzzle velocities of 900 m/s, i.c., up to tho limit

Tt where rarcfaction wave arrivals can be practically obsucrved,

3 . In spite of the pood results in the theorcetjcal test, a third degree
: approximation of the wave front should be used judicfously, because of
1 the sensitivity "of the results 1o obscervational crrors.  The standard
3 cerrors of the fitting paramcter UM and of TM can  be computed uslng
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variance propagation formulas and assuming data standard errors as glven
by eq. (10). The Tesults are shown in Figoe 12, They suggest that {or
Jow muzzle velocities a  third degree approximation induces an unaceept-
ably large uncertainty of the temperature, ‘The reason for  the large
virlues of estimated standavd prors {s the wmall curvature of the sare-
taction wave front, By fitting a high order polynonial te stralght line
data one introduces redundant parameters, but parameters  of  yedundant
sets are strongly correlated and typically have Yarpe fndividaal  error

Jestimates, The crror estimates of Ty from a lincar £it (which docs not
“have redundant parameters) are much smaller and of the sume order as

derived in Scetion 3, Therefore, one  should vestiber thivd order fit-
tings of the rarefaction wave front o cases where the front js ¢learly
not & straight line,

The inchusion of the murzle time as o seventh obscervation in the
adiustment problem docs not change the temperiature sipnttlcantly.  ‘he
scventh obscrvation duew, however, reduce the estimates of the stondard
Crrors, '

G, CONCLISTONS,
The acoustic temperature measurement apparatu” meideures  oh averagpe
temperature for the  first few millisceonds  in the muzzle INow,  The

standard crror of the measured temperature I about 10%,

Once has the following guidelines for the compurison of experimentally
measured temperatures with theorctical calvulutions of the sume cevents:

o Disaprecuent within 15% §s tolerable,
o Tewperatw e peaks of Tess than one millidecond dmatjon, §1 cxist-
enty et be deteeted by the apparatus, because of Jts averaging

property.

o Disagreements exceeding 10% in a 11w without shurt duwration tem-
perature peaks indicate jnadequate modellng of the flow,

1t the geousticelly mepsured tomporatwro 14 used Lo characterbae the
flov, o1 s comparcd with temperature measurements Ly other  tochelques,
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then one should keep in mind the po»>sibility of a systematic error due
. to an approximate equation of state.

The standard error of the measurcd temperature can be reduced sig- IS
nificantly by increasing the accuracies of the readings of the rare-

faction wave's arrival times. A
tional errors of the temperatur

ments of repeated identical firings.

A reduction of iie avelaging
jncreasing the number of pressure
mation for the rarefaction wav
judiciously because jt increcases
observational €rrIOrs. i

ey

1imited reduction of standard observa-
e couid be achieved by making measure-

cffect of the technique is possible by
gages and using a higher order appioxi-
e front. This approach should be used
the sensitivity of the temperaturc to
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